A review on the development of visible light-responsive WO3-based photocatalysts for environmental applications by Murillo Sierra, J.C. et al.
Chemical Engineering Journal Advances 5 (2021) 100070 
Contents lists available at ScienceDirect 
Chemical Engineering Journal Advances 
journal homepage: www.elsevier.com/locate/ceja 
A review on the development of visible light-responsive WO 3 -based 
photocatalysts for environmental applications 
J.C. Murillo-Sierra, A. Hernández-Ramírez ∗ , L. Hinojosa-Reyes, J.L. Guzmán-Mar 
Universidad Autónoma de Nuevo León, Facultad de Ciencias Químicas, Av. Universidad, Ciudad Universitaria, San Nicolás de los Garza, Nuevo León, Mexico 
a r t i c l e i n f o 
Keywords: 





a b s t r a c t 
The use of semiconductor photocatalysis is a promising, green, and sustainable technology to address solar en- 
ergy conversion and environmental remediation issues. Among photocatalytically active semiconductors, con- 
siderable attention has been given to the visible-light active tungsten oxide (WO 3 , Eg value ≈ 2.7–3.1 eV). This 
semiconductor has several advantages: strong absorption in the visible spectrum range, stability in acidic and 
oxidative conditions, low cost, and low toxicity. However, WO 3 presents fast recombination of charge carriers’ 
and exhibits low photocatalytic activity for reduction reactions due to its conduction band potential ( + 0.5 V ver- 
sus NHE). Many strategies have been applied to enhance photocatalytic activity and solar energy utilization of 
WO 3 by modifying the energy band position and reducing the charge carrier recombination. In this review, sev- 
eral approaches, such as designing with exposed facets and specific morphologies, doping with transition metals 
and non-metals, deposition of noble metals, and heterojunction construction, are summarized. 
Moreover, the photocatalytic properties of the reviewed WO 3 -based photocatalysts are discussed based on their 
environmental applications such as degradation of organic pollutants, air purification, CO 2 photoreduction, hy- 
drogen production from water splitting and recently, simultaneous wastewater treatment and electric energy 
generation by photocatalytic fuel cells. Finally, the summary, future perspectives, and challenges of design 
novel WO 3 -based photocatalysts with high efficiency are pointed out to meet the urgent demands of highly 













































The continuous population growth and increasing global consump-
ion of resources have triggered the shortage of nonrenewable resources.
hese energy-related activities have significant effects on the differ-
nt environmental spheres (air, water, soil) [1] . Therefore, in recent
ecades, different strategies have been investigated to solve these is-
ues. For example, solar energy conversion represents a promising strat-
gy for several important applications, such as photocatalysis processes
 1 , 2 ], photovoltaic cells [3] , photothermal energy conversion [4] , and
hotoelectrocatalysis [ 5 , 6 ]. Among them, heterogeneous photocatalysis
s a technology used for pollutant degradation in water and air that has
ttracted the attention of many researchers since it represents an effi-
ient alternative to clean the environment. This technology can directly
tilize solar light to remove organic pollutants [ 7 , 8 ] and inorganic com-
ounds [9] from water or volatile organic compounds (VOCs) [10] and
olycyclic aromatic hydrocarbons (PAHs) [11] from indoor air. More-
ver, photocatalytic reduction of CO 2 is a promising approach to convert
his greenhouse gas into valuable compounds such as carbon monoxide
CO) [12] , formic acid (HCOOH), formaldehyde (CH 2 O) [13] and fuels∗ Corresponding author. 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) uch as hydrogen (H 2 ), methane (CH 4 ), methanol (CH 3 OH) [14] and
ven C 1 –C 2 compounds [15] . 
Heterogeneous photocatalysis is a well-described redox process that
egins with light absorption by the semiconductor material. The follow-
ng steps occur in the process: i) adsorption of reactants on the photo-
atalyst surface, ii) absorption of photons with equal or superior energy
o the band gap, iii) transition of electrons from the valence band (VB)
o the conduction band (CB), iv) transport of photogenerated electrons
 e − ) and holes ( h + ) towards the catalyst surface, v) redox reactions with
dsorbed substrates, and finally vi) desorption of the products [ 16 , 17 ].
Titanium dioxide (TiO 2 ) has been the most widely studied catalyst
or photocatalytic applications over the last few decades. Since the 1972
ublication by Fujishima and Honda on the photoelectrolysis of water,
iO 2 has played an essential role in photocatalysis due to its low cost,
hemical and photochemical corrosion stabilities, and nontoxicity [18] .
espite the advantages mentioned above, the photocatalytic process us-
ng TiO 2 shows significant drawbacks, such as the fast recombination
ate of photogenerated e − /h + pairs, low quantum yield in photocatalytic
eactions in aqueous media, and wide band gap energy ( E g ≈3.2 eV),
hich limits its practical applications [7] . 15 December 2020 
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t  Over the last four decades, different strategies have been studied to
mprove charge separation and extend TiO 2 activity into the visible light
egion, such as deposition or doping of noble metals or metal ions on its
tructure, coupled semiconductors and sensitization, which have gener-
ted promising results. However, alternative materials to TiO 2 , which
fficiently work under the visible light spectrum ( E g from 1.5 to 3.0 eV),
re the trends for today’s new photocatalysts in the field of environmen-
al applications [19–22] . 
A suitable alternative is WO 3 , which is a nontoxic, chemical, and
hotochemically stable semiconductor. In addition to its nontoxicity and
tability in aqueous media over a wide range of pH values, the narrow E g 
2.7–2.8 eV) [19] is suitable for the absorption of visible light. Nonethe-
ess, its high recombination rate of the photogenerated e − /h + pairs lim-
ts its photocatalytic activity. Photocatalysis for environmental cleaning
s perhaps the least developed application of WO 3 [ 23 , 24 ]. The WO 3 
onduction band edge (ca. + 0.5 V vs. NHE) is more positive than the
eduction potential of O 2 (O 2 /O 2 
•− = − 0.33 V vs . NHE); thus, the pho-
ogenerated electrons in the CB of WO 3 could not reduce the adsorbed
xygen molecules via the single electron process to generate superoxide
nion free radicals (O 2 
•–) [24] . Trapping of photogenerated electrons is
ecessary for the valence band holes to be available to oxidize organic
olecules instead of being consumed in a recombination reaction. 
On the other hand, the electronic properties, including the band gap,
ould be affected by the structure of WO 3 . The WO 3 crystals are com-
osed of corner and edge-sharing WO 6 octahedral units, and they have
 rhenium oxide (ReO 3 ) cubic structure. Due to the thermal stability
f WO 3 , several distortions of the ideal cubic structure, such as mono-
linic ( 𝛾-WO 3 ), triclinic ( 𝛿-WO 3 ), tetragonal ( 𝛼-WO 3 ), and orthorhom-
ic ( 𝛽-WO 3 ) distortions, have been described. The monoclinic is the
ost stable phase of WO 3 ( Fig. 1 .) at room temperature (obtained be-
ween 17 and 330 °C), followed by the triclinic phase (–43 –17 °C).
he orthorhombic WO 3 structure is produced by annealing at higher
emperatures (330 –740 °C), and the tetragonal structure is obtained at
emperatures > 740 °C. 𝛼-WO 3 and 𝛽-WO 3 are stable phases at higher
emperatures [ 25 , 26 ]. 
Different approaches have been proposed to further improve the
hotocatalytic performance of WO 3 , i.e., morphological modifications
 20 , 27–29 ], doping with metals, and nonmetals [ 30 , 31 ], and coupling
ith other semiconductors as the host or guest in heterojunctions
 22 , 32 ]. In this review, the development of novel strategies to improve
he performance of WO 3 is presented and discussed in depth. Differ-
nt methods, such as foreign ion doping, noble metal deposition, and
oupling with other semiconductors in heterostructures designed for ef-
cient WO 3 -based photocatalysts for environmental applications, have
een reviewed. Although some reviews have been published related to
O 3 materials for different applications [ 26 , 33–36 ], this review is fo-
used on WO 3 -based photocatalysts that can be activated under visible
r solar light and are a more sustainable alternative for developing new
nvironmental technologies. The conclusions and perspectives for future
esearch are addressed at the end of this article. 2 O 3 facet design and morphological modifications 
Several studies have suggested that morphology plays a significant
ole in the performance of photocatalysts [ 28 , 29 , 37–40 ]. Moreover, the
pecific surface area and optical band gap are strongly influenced by the
rystalline phase, exposed facets, and shape of the nanostructures, all of
hich determine the photocatalytic activity [38] . In this context, WO 3 
as been synthesized by different methods, such as anodization, sol-gel,
pray pyrolysis, and hydrothermal methods, to obtain different mor-
hologies with controlled characteristics, i.e., thin films [ 29 , 37 ], hierar-
hical nanostructures [39] , shaped nanostructures [ 28 , 40 , 41 ], quantum
ots (QDs) [42–44] and exposed facets [ 38 , 45 ]. 
In general, it is known that an optimum balance between high spe-
ific surface area and crystallinity is necessary to increase the photo-
atalytic performance [ 29 , 40 ]. For example, in the synthesis of thin
lms by spray pyrolysis, the surface area increased as the crystallite
ize decreased, and hence, the number of active sites on the photocata-
yst surface was higher, increasing the degradation rate of organic com-
ounds [37] . A higher annealing temperature, limited by the thermal
tability of the catalyst, increases the crystallinity and can contribute
o better performance. However, it is known that an increase in the
nnealing temperature produces a decrease in the surface area. Nev-
rtheless, nanostructures with well-defined shapes can exhibit thermal
tability, maintaining their properties, as reported by Mohamed et al.
29] . The authors found that nanoflakes of WO 3 are more stable with
ncreasing temperature ( Fig. 2 a-d), while nanoporous structures collapse
ith increasing temperature, which decreases their surface area ( Fig. 2 e-
). Photoelectrochemical (PEC) experiments for water splitting re-
ealed the highest photocurrent density response for nanoflakes as WO 3 
hotoanodes. 
WO 3 quantum dots (QDs) combine different features, such as high
pecific surface area, extended light absorption ability, upstanding elec-
ron mobility and interesting effects, such as quantum confinement
 43 , 46 ]. When WO 3 QDs are coupled to another photocatalyst, they
ave different functions to improve the photocatalytic activity. As re-
orted by Liu et al. in 2018 [46] , WO 3 QDs could improve the visible
ight absorption of graphene oxide-TiO 2 composites and thus enhance
he spectral response. Furthermore, due to its quantum size, light con-
ersion was higher in the composite with QDs than that of the com-
osite without QDs, which was evidenced by the photocatalytic activity
or RhB degradation. Another important feature is the specific surface
rea, which is greatly enhanced because of the high dispersion achieved
ith QDs. For instance, Chen et al. in 2019 [44] reported the cou-
ling of WO 3 QDs on composite GO/TiO 2 @SiO 2 , demonstrating that
fter this modification, the specific surface area increased by almost
0%. This improvement was evidenced in the photocatalytic perfor-
ance, where the composite with WO 3 QDs showed the highest degra-
ation percentage for RhB solutions (98% within 60 min) under natural
unlight. 
The morphology is not only related to the specific surface area but
lso closely related to adsorption-desorption during the catalytic pro-
ess. The surface-active sites depend on the coordination number of the
toms, which is a function of nanostructure. For instance, atoms from
he corners and edges in nanoplates or nanorods have more adsorption
ctive sites than bulk atoms in nanospheres because of the low coor-
ination number of the former. However, nanoplates exhibit the best
hotocatalytic activity on the degradation of RhB under visible light
ue to their cubic morphology (see Fig. 3 ) [28] . 
Otherwise, the surface atomic structure also strongly depends on the
xposed facets in the photocatalyst surface [47] . The exposed facets
002), (020), and (200) in WO 3 are reported to have higher reactivity
 38 , 39 , 45 , 47 , 48 ]. Xie et al. in 2012 [38] synthesized monoclinic WO 3
ith facets exposed by a hydrothermal route under two different con-
itions. Quasicubic-like crystals were obtained using HF during the hy-
rolysis step, while sheet-like crystals were prepared using HNO 3 during
he same step. The E g and the energy level positions of the VB and CB
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Fig. 2. FESEM images of nanoflakes WO 3 films 
in the air for 2 h (a) without annealing and 
annealed at (b) 300, (c) 400, and (d) 500 °C 
and nanoporous WO 3 films in the air for 2 h 
(e) without annealing and annealed at (f) 300, 
(g) 400, and (h) 500 °C (from [29] ). 
Fig. 3. Schematic illustrations of the shape effect on the photocatalytic activity of the WO 3 nanostructures (from [28] ). 
3 
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Fig. 4. 1. Schematic illustration of the forma- 
tion mechanism of the hierarchical tungsten 
oxide nanostructures, and 2. SEM images of 
the as-prepared tungsten oxides with different 
amounts of urea: (a) 0.0 g (WU0); (b) 0.036 g 
(WU1); (c) 0.072 g (WU2); (d) 0.144 g (WU3); 
(e) 0.180 g (WU4) and its corresponding en- 






























































a  ere influenced by the percentage of exposed facets in each nanostruc-
ure. For instance, sheet-like WO 3 crystals had a higher band gap energy
2.79 eV) than quasi-cubic-like WO 3 (2.71 eV). The sheet-like WO 3 crys-
als were mainly composed of (002) exposed facets in the top and (200)
nd (020) exposed facets in small amounts, and their CB energy level
as 0.3 eV, which allowed CO 2 photoreduction to CH 4 (CH 4 /CO 2 at
 0.24 V). 
As discussed previously, tuning of the exposed facets can modify the
nergy levels and band gap energy to enhance photoactivity. Different
apping and directing agents, such as triethylamine [48] , sodium sul-
ate (Na 2 SO 4 ), ammonium sulfate ((NH 4 ) 2 SO 4 ), and oxalic acid [45] ,
ave been used to obtain this preferential growth by hydrothermal syn-
hesis. In this sense, Li et al. in 2015 reported that urea could be used
s a directing agent to obtain faceted crystals with a hierarchical archi-
ecture formed by nanorods, nanobricks, or nanobelts with enhanced
pecific surface area (see Fig. 4 ) [39] . In 2017, the same research group
emonstrated that in hierarchical nanostructures could simultaneously
oexist with different crystal phases and different percentages of ex-
osed facets. The crystal phases also have a close relationship with the
xposed facets. Thus, (020) was a powerfully active facet for orthorhom-
ic WO 3 •0.33H 2 O but not for hexagonal WO 3 . In hexagonal WO 3, the
ost active exposed facets were the (200) and (002) crystal planes, and
heir activity was assessed in the photocatalytic removal of rhodamine
 (RhB), demonstrating that this facet tuning can improve the separa-
ion efficiency of the charge carriers, allowing complete removal of the
ye in 100 min [47] . In Table 1 , the most relevant results related to the
erformance of WO 3 -based photocatalysts upon morphological modifi-
ation are depicted. 
oping of tungsten oxide 
Doping has been reported as a highly effective way to modify the
dsorption edge of a semiconductor and improve its photoactivity un-4 er low-energy irradiation, which implies a redshift to the visible light
egion [50] . The principal effect of the inclusion of impurities in the dop-
ng process is to modify the position of energy levels or the inclusion of
ew ones, altering the electronic structure of the semiconductor. This
odification benefits charge carrier separation, reducing the recombi-
ation rates, and this, in turn, could enhance the interface and surface
haracteristics [51–53] . In the case of WO 3 , it has been demonstrated
hat doping with transition metals, noble metals, rare earth metals, and
onmetals could reduce the band gap or prevent the formation of e − /h + 
air recombination centers, thus improving the photocatalytic perfor-
ance under visible light [54–57] . 
ransition metal ion doping 
Transition metals are one of the most common impurities used for
oping semiconductors due to their similar ionic radii. These ions can
eplace, e.g., W 6+ in the WO 3 lattice, distorting the crystalline struc-
ure and narrowing the band gap [ 52 , 55 , 58 , 59 ]. Feng et al. synthe-
ized Ti(IV)-doped WO 3 nanocuboids by a hydrothermal method. Ti 4 + 
ons were incorporated into the lattice until reaching a 10% molar ra-
io, forming a finite solid solution; when this amount of Ti 4 + was ex-
eeded, a phase transformation occurred, and a tetragonal TiO 2 crys-
alline phase appeared [55] . In their experiments, they also proved that
he Ti 4 + -doped WO 3 photocatalyst with a 10% molar ratio was more ac-
ive than 5% and 2% in the visible light region for RhB degradation (see
able 2 ). The addition of a titanium impurity forms energy levels be-
ween the VB and CB of WO 3 , resulting in a reduced recombination rate
ue to the interaction with both VB and CB by either electron donation/
cceptance. 
Effective doping is more suitable for ions with similar ionic radii,
s demonstrated by Song et al. in 2015. They prepared Fe-doped WO 3 
anostructures by a facile precipitation method using carbon spheres as
 template with further calcination at 400 °C for 6 h. As the Fe content
J.C. Murillo-Sierra, A. Hernández-Ramírez, L. Hinojosa-Reyes et al. Chemical Engineering Journal Advances 5 (2021) 100070 
Table 1 
Relevant results of the facet design and morphological modifications of WO 3 . 
Photocatalyst Synthesis method Application Experimental conditions Results Ref. 
Quasi-cubic-like WO 3 and 
rectangular sheet-like WO 3 
with a monoclinic crystal 
structure 
Solvothermal O 2 evolution and CH 4 
production from CO 2 
photoreduction 
100 mg catalyst loading, 270 mL 
of AgNO 3 solution (3.15 g L 
− 1 ), 
300 W Xe lamp ( 𝜆> 400 nm) 
The quasi-cubic-like WO 3 
exhibited high O 2 evolution. The 
sheet-like WO 3 was able to 
photo-reduce CO 2 yielding 0.34 
𝜇mol h − 1 g − 1 CH 4 
[38] 
50 mg of catalyst; diluted CO 2 
(0.06 MPa), 300 W Xe lamp 
( 𝜆> 400 nm) 
Nanorods of hexagonal WO 3 
with (200) exposed facet and 
nanosheets with (002) 
exposed facet 
Hydrothermal RhB degradation 40 mg catalyst loading, 40 mL of 
RhB solution (10 mg L − 1 ), 300 W 
Xe lamp ( 𝜆 = 420 nm) 
h-WO 3 nanosheets with (002) 
exposed facet showed 60% of RhB 
degradation in 80 min 
[45] 
WO 3 with different 
hierarchical structures 
Hydrothermal RhB degradation 20 mg photocatalyst loading, 
40 mL of RhB solution (15 mg 
L − 1 ), 300 W Xe lamp ( 𝜆> 400 nm) 
o-WO 3 .0.33H 2 0 with (020) 
exposed facet showed 75% of RhB 
degradation in 80 min 
[39] 
Nanospheres, nanoplates, and 
nanorods with monoclinic 
phase 
Hydrothermal RhB degradation 0.1 g of photocatalyst, 100 mL of 
RhB solution (20 mg L − 1 ). 570 W 
Xe lamp ( 𝜆 400–800 nm) 
75% of RhB degradation in 80 min, 
using nanoplate shape 
[28] 
WO 3 films with nano-porous 
or nanoflakes 
Anodization PEC H 2 production A standard three-electrode cell in 
1 M H 2 SO 4 . A SCE, and Pt foil as a 
reference and counter electrodes, 
respectively. 300 W Xe lamp ( 𝜆= 
300 – 1100) 
Nano-porous films achieved an 
IPCE of 9% and nanoflakes only ~
2.5% 
[29] 




MO degradation Photo-electrocatalytic degradation 
of MO (1 mM). WO 3 photoanode 
and a stainless-steel disk as a 
counter electrode. Tungsten 
filament lamp ( 𝜆= 340 – 850) 
98% of MO degradation after 
360 min, confirmed by TOC and 
COD measurements 
[37] 
GO/WO 3 QDs/TiO 2 film Hydrothermal RhB degradation 0.2 g photocatalyst loading, 
300 mL RhB solution 
(6 × 10 − 4 M), natural sunlight and 
a high-pressure Hg lamp ( 𝜆= 248 
– 1014 nm) 
98.18% of RhB degradation after 

































































m  ncreased from 0 to 8 mol%, no additional phases were detected in the
e-doped WO 3 by XRD analysis [60] . The Fe 3 + ions enter the WO 3 crys-
al lattice since the ionic radius of Fe 3 + (0.64 Å) is similar to that of W 6 + 
0.62 Å). According to the UV–vis spectroscopy results, the Fe 3 + ions cre-
te an impurity level above the valence band and thus narrow the band
ap and improve the degradation of organic dyes such as methyl red
nd RhB under visible irradiation (420 nm) [ 31 , 60 ]. 
Moreover, when WO 3 was doped with transition metals with differ-
nt ionic radii, such as Co 2 + and Nb 5 + , a similar behavior was observed
 24 , 31 , 52 ]. For both ions, the crystal lattice of WO 3 was significantly
istorted because of the dopant ion inclusion. This distortion induced
ore defects in the crystal lattice, such as oxygen vacancies, which pro-
oted the production of reactive species on the catalyst surface and
nhanced photocatalytic activity [24] . 
oble metal doping and deposition 
In general, the doping of metal-oxide semiconductors with noble
etals is an effective way to promote the acceleration of photoexcited
lectron transfer from metal oxides to substrates [ 17 , 61 ]. Noble met-
ls act on the semiconductor surface as a reservoir of electrons trapping
onduction band electrons that could be used in multielectron reactions,
.g ., O 2 or CO 2 reduction [62] . This enhancement has been ascribed to
he plasmonic energy transfer process in the interface between the metal
nd semiconductor [56] , which allows efficient visible-light utilization.
he enhancement by the surface plasmon resonance (SPR) effect has
een utilized in the photocatalytic decontamination of water and air
nd water disinfection [63–65] . 
Commonly exploited noble metal dopants for WO 3 include Ag, Au,
nd Pt [ 56 , 64–67 ]. Hameed et al. [68] reported an improved light ab-
orption in the visible region with an increase from 0.1 until a maxi-
um Ag + loading of 5 wt% compared with bare WO 3 . This behavior
s attributed to the way electron transitions occur at the catalyst. In5 ure WO 3 , the significant transitions are the transfer of electrons from
he oxygen 2p orbitals to 4f orbitals in the W 6 + or W 5 + states. Further-
ore, with the presence of Ag + on the semiconductor surface, these
ransitions occur from the VB of the O 2p orbitals to the lower Ag 3d or-
itals, enhancing photon absorption in the visible region. This effect was
lso evidenced in the photocatalytic degradation of highly recalcitrant
trazine (see Table 2 ), where the catalyst with 1 wt% Ag loading on 40%
O 3 /SBA-15 reached 68% pollutant degradation in 18 min under visi-
le light, which was superior to that obtained by the 40%WO 3 /SBA-15
ample (37% degradation) [56] . 
Ding et al. in 2017 [66] observed similar results for the degrada-
ion of RhB and methyl orange (MO) dyes with Ag nanoparticles (NPs)
oaded onto WO 3 nanorods with exposed {001} facets. The band gap
alue ( Fig. 5 a) and the recombination rate ( Fig. 5 b) decreased with in-
reasing Ag NP loading from 3.0 to 4.5 wt%. This finding was attributed
o the SPR effect on the WO 3 surface. Additionally, the authors con-
luded that a strong relationship exists between the size of the Ag NPs
nd exposed facets in the semiconductor that is related to electron trans-
er and charge carrier separation. 
The deposition of Pt and Au nanoparticles on the WO 3 surface
as been reported as an effective strategy to avoid the recombination
rocess in photocatalysis [ 17 , 23 , 61 , 62 , 64 , 69 ]. Qamar et al. proposed
n 2011 that the photoactivity of deposited Au-WO 3 was highly size-
ependent; the larger the size was, the lower its photoactivity ( Fig. 5 (c-
)). Meanwhile, Pt-WO 3 showed the best photocatalytic performance
n the removal of MO and 2,4-dichlorophenoxyacetic acid (2,4-D) due
o its smaller particle size, which avoided the shadowing of WO 3 and
nhanced the number of metal deposits, which is traduced in increased
lectron traps for photogenerated electrons [61] . Another reason for the
mproved photocatalytic performance of the Pt-WO 3 catalyst is the easy
ormation of a Schottky barrier between the semiconductor surface and
etal surface. When both the noble metal and semiconductor are in inti-
ate contact, forming an interface, a Schottky barrier could be formed
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Table 2 
Relevant results on photocatalytic applications using WO 3 doped with transition metals, noble metal, and rare earth. 
Photocatalyst Synthesis method Application Experimental conditions Results Ref. 
Nb doped WO 3 Hydrothermal MB degradation 50 mg photocatalyst loading, 100 mL 
of MB aqueous solution (10 mg L − 1 ), 
300 W high-pressure Hg lamp ( 𝜆= 248 
– 1014 nm) 
The (Nb/W atomic ratio = 0.03) 
catalyst showed the best degradation 
percentage (85%) in 120 min 
[24] 
Bi doped WO 3 Hydrothermal PEC water splitting A standard three-electrode cell in 
0.1 M Na 2 SO 4 . Doped and undoped 
WO 3 working electrodes, a saturated 
Ag/AgCl, and Pt sheet as a reference 
and counter electrodes. 1000 W Xe 
lamp ( 𝜆= 300 - 1100) 
4-fold increase in photocurrent 
response using 0.17% Bi doping 
[59] 
Al doped WO 3 Hydrothermal PEC water splitting A standard three-electrode cell in 
0.5 M H 2 SO 4 electrolyte was used. 
Doped WO 3 photoanode, a saturated 
Ag/AgCl, and Pt as a reference and 
counter electrodes. 500 W Xe lamp ( 𝜆
> 400 nm) 
The 0.77 wt% Al-doped WO 3 sample 
exhibited the maximum photocurrent 
density of 1.14 mA cm − 2 at 1.2 V vs. 
Ag/AgCl 
[58] 
Fe-doped WO 3 Hydrothermal PEC water splitting A standard three-electrode cell in 
0.1 M Na 2 SO 4 , WO 3, and Fe-doped 
WO 3 working electrodes, Pt foil, and 
Ag/AgCl counter and reference 
electrodes. 
Photocurrent of 0.88 mA cm − 2 for 2% 
Fe-doped WO 3 
[78] 
500 W Xe lamp ( 𝜆= 300 – 1100 nm) 
WO 3 nanorods 
and Pd -WO 3 
Hydrothermal 2,4-dichlorophenoxyacetic 
acid (2,4-D) degradation 
80–400 mg of photocatalyst in 200 mL 
of 2,4-D aqueous solution (40 mg L − 1 ). 
300 W Xe lamp ( 𝜆= 420 nm) 
100% photocatalytic degradation after 
90 min using 0.15 wt% Pd-WO 3 
[79] 
Fe doped WO 3 Co-precipitation Methyl red dye 2 mg of photocatalyist in 20 mL of 
methyl red aqueous solution (10 mg 
L − 1 ). A 500 W tungsten lamp ( 𝜆= 350 - 
2500 nm) 
94% degradation of methyl red after 





Hydrothermal RhB degradation 0.15 g catalyst loading in 50 mL of 
RhB aqueous solution (0.05 mM). 
300 W Xe lamp ( 𝜆> 420 nm) 
Complete degradation of RhB after 
70 min using 10 wt% Ti(IV)-WO 3 
[55] 
Pt/WO 3 Precipitation - 
wet 
impregnation 
NO oxidation NO concentration between 20 and 
100 ppm. 500 W Hg-arc lamp 
( 𝜆< 350 nm), 500 W Xe lamp 
( 𝜆= 300–1100 nm), and a 500 W Xe 
lamp with ( 𝜆> 420 nm) 
NO conversions of ~ 40% with the 
Pt-WO 3 catalyst and 90% with the 
Pt-WO 3 -zeolite molecular sieves when 











50 mg of catalyst in 100 mL of 4-CP 
aqueous solution (10 mg L − 1 ). 125 W 
metal halide lamp ( 𝜆 ≤ 420 nm) 
Degradation rate of 4-CP over 
30Ag-AgCl/WO 3 was 11.7 times faster 




Application Photocatalytic test Results Ref. 
Au NP@WO 3 
NRs 
Hydrothermal RhB degradation The catalyst in RhB aqueous solution 
(5 mg L − 1 ). 350 W Xe lamp ( 𝜆= 200 –
800 nm) 
100% degradation of RhB solution 





Hydrothermal RhB degradation 0.1 g of the photocatalyst. 50 mL RhB 
solution (10 mg L − 1 ). Simulated solar 
light as an irradiation source 
degradation rate almost 10 times 
higher using 0.3 mol% doped catalyst 
[67] 
Silver loaded in 
mesoporous 
WO 3 




Acetaldehyde degradation 0.2 g of the photocatalyst in a gas 
volume of 600 mL. 500 W Xe lamp 
( 𝜆> 420 nm) 
90% of acetaldehyde degradation using 
m-Ag/WO 3 in 60 min 
[80] 






MO and RhB degradation 100 mg of the photocatalyst. 100 mL 
aqueous solution of MO (10 mg L − 1 ) / 
RhB (10 mg L − 1 ). 300 W Xe lamp 
( 𝜆> 420 nm) 
> 90% degradation of MO and RhB 
using Ag/WO 3 –110 4.5 wt% catalysts 
in 210 min 
[66] 
Ag-WO 3 /SBA-15 
composite 
Hard template - 
wet 
impregnation 
Atrazine degradation 25 mg of catalyst in 25 mL atrazine 
solution (20 mg L − 1 ). 450 W Xe arc 
lamp ( 𝜆> 400 nm) 
68% degradation of atrazine in 18 min 
using 1 wt% Ag loading on 40% 
WO 3 /SBA-15 
[56] 
Gd@WO 3 NRs Hydrothermal RhB degradation 5 mg of the photocatalyst, in 50 mL of 
RhB solution (20 mg L − 1 ), metal 
halide lamp ( 𝜆 = 420 nm) 
94% degradation of RhB using 5 wt% 
















t  epending on the difference between its Fermi energy levels. In this
ase, photogenerated electrons at WO 3 CB can be channeled through
he interface to the Pt nanoparticles, improving the charge carrier sepa-
ation and therefore the photocatalytic performance [17] . Pt/WO 3 has
lso been studied for the efficient conversion of NOx on diverse carri-
rs (e.g., ceramics, zeolite molecular sieves, activated carbon, and alu-
ina) and using different light sources. The results are condensed in
able 2 . 6 are-earth metal doping 
Most of the studies on metal doping are related to transition met-
ls or noble metals, but rare-earth doping can also improve the pho-
ocatalytic performance of semiconductor materials by modifying their
hysicochemical and optical properties [ 54 , 70 , 71 ]. Lanthanides possess
artially empty f orbitals that can behave as donors or acceptors of elec-
rons and holes and induce a redshift in the optical absorption [ 70 , 72 ].
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Fig. 5. a) UV–vis absorption spectra and b) 
photoluminescence spectra of WO 3 nanorods 
with different Ag loading amount (from [66] ). 
c) Transmission and high-resolution transmis- 
sion electronic micrography of WO 3 modified 
with Pt (1%) and Au (1%) nanoparticles and 
d) effect of photo-deposition time on the pho- 





































































dditionally, an essential property of rare-earth doping is the formation
f shallow energy levels between the VB and CB, improving the charge
arrier separation [ 70 , 73 ]. Some of the most relevant examples of rare-
arth WO 3 doping reported in the literature are europium (Eu 3 + ) [74] ,
anthanum (La 3 + ) [72] , cerium (Ce 3 + ) [70] , ytterbium (Yb 2 + ) [54] , and
ysprosium (Dy 3 + ) [75] . 
Regarding Eu 3 + doping, Tahir et al. synthesized Eu-doped WO 3 by
 hydrothermal route, obtaining assemblies with different morpholo-
ies and crystalline phases [74] . The Eu 3 + incorporation percentage in-
reases from 2 to 4 wt%, producing a decrease in the crystallite size,
hich improves the transfer of photogenerated charge carriers from the
ulk to the surface of the catalyst. Moreover, the specific surface area
ncreased from 29.89 m 2 /g for bare WO 3 to 77.58 m 2 /g for 4 wt% Eu-
O 3 . These enhancements were evidenced in the photocatalytic tests,
here methylene blue, RhB, and MO were completely degraded under
isible light with the 4 wt% Eu-WO 3 photocatalyst. Similarly, Wang
nd Cao [71] prepared Eu 3 + -doped WO 3 nanoparticles by a modified
echini method for improved visible-light RhB photodegradation. The
ptical properties of the catalysts were evaluated, identifying a reduc-
ion of 17.2% in the forbidden band gap for Eu-doped WO 3 compared to
are WO 3 , which was attributed to charge carrier transitions from Eu 3 + 
 orbitals to W VB orbitals. 
The formation of oxygen vacancy defects is another desirable effect
escribed for rare-earth-doped WO 3, which has a significant influence
n its photocatalytic activity [ 70 , 73 , 76 , 77 ]. The oxygen vacancies in the
repared catalysts could improve the efficient separation of photogen-
rated holes and electrons, increasing the surface reactivity due to the
bsorption of molecular O 2 and water that could lead to the formation
f powerful radicals such as O 2 •− by a reduction reaction and •OH by
xidation. For instance, La 3 + -doped WO 3 was successfully applied in the
elective oxidation of CH 4 to CH 3 OH under UVC-visible light, reaching
 CH 3 OH yield two times higher than that of bare WO 3 , which was at-
ributed to the formation of oxygen vacancies that increased the water
bsorption and modified the acid-basic properties in the catalyst [72] . 7 onmetal doping 
Nonmetal doping of WO 3 modifies the electronic structure of tung-
ten oxide. It may induce the formation of new energy levels within and
bove the valence band maximum (VBM) of WO 3, which can reduce the
and gap, increasing its visible-light photoresponse and photocatalytic
fficiency [ 51 , 82 ]. Another feature of nonmetal doping is its increased
onductivity (photocurrent response), which is related to the efficient
uppression of photogenerated e − /h + pair recombination on the photo-
atalyst [83] . Some nonmetals, such as N, S, C, and F, have been success-
ully doped into WO 3 for photocatalytic applications. In Table 3 , rele-
ant applications of nonmetal-doped WO 3 are summarized. Among the
onmetal doping of WO 3 , N doping has been highlighted as a promising
ethod to improve WO 3 photocatalytic performance and visible light
arvesting [ 30 , 82 , 84–86 ]. Nitrogen has an ionic radius similar to that
f O atoms, and its lowest electronegativity can promote homogeneous
oping by mixing its p states with O 2p states, yielding a reduction in
he band gap [30] . In N-doped WO 3, the nitrogen atoms in the structure
ct as e − traps preventing recombination with photogenerated h + . These
oles can interact with adsorbed species to produce hydroxyl radicals
apable of oxidizing organic molecules such as amaranth on the surface
82] . 
Nonetheless, it has been reported that nitrogen incorporation also
ncreases instability in the water splitting performance due to photo-
orrosion and excess lattice defects in the catalyst that create recombi-
ation centers. Hence, the extent of photogenerated carriers cannot be
xtracted during H + /H 2 reduction, playing a negative role in the photo-
atalytic activity [ 57 , 84 , 87 ]. Doping with nonmetal molecules such as
H 4 + [84] and N 2 [85] into WO 3 produced the same band gap reduc-
ion as described for N-doped WO 3 without the abovementioned draw-
acks, with enhancement of the visible light absorption and photocur-
ent responses. Choi et al. reported that the NH 4 + dopant works as an
dditional electron donor in the system, improving the conductivity and
harge carrier transfer by increasing donor concentration [84] . 
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Table 3 
Relevant results on photocatalytic applications of non-metals doped WO 3 . 
Photocatalyst Synthesis method Application Experimental conditions Results Ref 
N-WO 3 Anodization and 
annealing in the 
presence of N 2 
and NH 3 /N 2 
mixture 
MO degradation The concentration of MO was 20 mg 
L − 1 . N-WO 3 as working electrode, Pt 
and Ag/AgCl (KCl saturated) as 
counter and reference electrodes. 
500 W Xe lamp ( 𝜆> 400 nm). 
N-doped showed a higher rate 
constant (0.0473 min − 1 ) than undoped 
one (0.0352 min − 1 ) 
[30] 
S-WO 3 Solid-state 
annealing 
Water splitting A standard three-electrode cell in 
0.5 M H 2 SO 4 , S-WO 3 working 
electrodes, Pt foil, and Ag/AgCl 
counter and reference electrodes. 
Increased photocurrent response from 
0.67 to 0.82 mA cm − 2 with 2.0 wt% 
S-WO 3 
[57] 
500 W Xe lamp ( 𝜆> 400 nm) 
3.57 g L − 1 photocatalyst in 16 mM 
Fe 3 + as an electron acceptor 
Maximum of 99 𝜇M g − 1 h − 1 H 2 with 
2.0 wt% S-WO 3 material 
N-WO 3 Thermal 
decomposition 
with urea 
Amaranth degradation 0.5–2 g L − 1 of the photocatalyst in 
100 mL of amaranth solution 
(5–25 mg L − 1 ). Metal halide lamp 
160 W ( 𝜆> 400 nm) and a 13 W 
blacklight lamp ( 𝜆> 350 nm) 
100% degradation with visible and 





Hydrothermal MO degradation 30 mg of the photocatalyst in 15 mL 
of 20 mg L − 1 MO solution. A 300 W 
Xe lamp ( 𝜆> 420 nm) 
97% degradation in 180 min using 
3 wt% S-WO 3 
[83] 
C-WO 3 .0 •33H 2 O Hydrothermal RhB degradation 50 mg of the photocatalyst in 100 mL 
RhB solution (10 mg L − 1 ). 300 W Xe 
lamp ( 𝜆= 300 – 1100 nm) 
Enhanced degradation rate up to 2 
times with 0.1% C-doped WO 3 
allowing complete degradation of RhB 






Amaranth degradation 1 g of the catalysts in 0.1 L of dyeing 
wastewater. Natural sunlight 
93.4% TOC, 95.1% COD abatement 
using I-P co-doped WO 3 
[93] 
F-doped WO 3 
plate-like films 
Hydrothermal MO degradation MO solution (20 mg L − 1 ) in a quartz 
reactor. 300 W Xe lamp ( 𝜆> 400 nm) 
High degradation rate of MO, 
6 × 10 − 2 min − 1 F-doped WO 3 
plate-like film. 
[91] 





PEC water splitting A standard three-electrode cell in 1 M 
methane sulfonic acid with 0.1 M 
methanol, S-WO 3 and I-WO 3 working 
electrodes, Pt wire, and Ag/AgCl 
counter and reference electrodes. 
The 0.1% S doped WO 3 exhibited 
improved full-spectrum and visible 
light photocurrent response compared 
to undoped WO 3 and 0.1% I:WO 3 
[88] 
150 W Xe lamp ( 𝜆= 300–1100 nm) 
xN 2 •WO 3 Manually 
sprayed using 
an airbrush 
PEC water splitting A standard three-electrode cell in 
1.0 M HCl, xN 2 -WO 3 working 
electrodes, Pt mesh, and Ag/AgCl 
counter and reference electrodes. 
The maximum amount of O 2 produced 
using a 0.039N 2 •WO 3 electrode was 
80 ± 3 𝜇g 
[85] 
150 W Xe lamp ( 𝜆= 300–1100 nm). 




PEC water splitting A standard three-electrode cell in 
1.0 M HCl, C-WO 3 working electrodes, 
Pt foil, and Ag/AgCl counter and 
reference electrodes. 
Photocurrent of 1.6 mA cm − 2 using 
1 M HCl electrolyte and 2.6 mA cm − 2 
using methanol as a sacrificial agent 
using C-doped WO 3 
[89] 
150 W Xe lamp ( 𝜆= 300–1100 nm). 




PEC Water splitting 3.57 g L − 1 photocatalyst in 16 mM 
Fe 3 + as an electron acceptor. A 250 W 
high-pressure Hg lamp, 
( 𝜆= 300–400 nm) 
F-doped WO 3 showed higher oxygen 
production rate 
(102.1 μmol •L − 1 •g − 1 •h − 1 ) under UV 
irradiation, compared to that of WO 3 
(80.2 μmol •L − 1 •g − 1 •h − 1 ) 
[92] 
NH 4 -doped 
anodic WO 3 
Anodization and 
subsequent 
NH 4 OH 
treatment by a 
wet-based 
Water splitting A standard three-electrode cell in 
0.33 M H 3 PO 4 , NH 4 -WO 3 working 
electrode, Pt mesh, and Ag/AgCl 
counter and reference electrodes. 
The doping of NH 4 
+ generated the 
(NH 4 ) 10 W 12 O 41 phase during the 
NH 4 OH treatment, leading the E g 
reduction from 2.9 to 2.2 eV, 
enhancing the water splitting 
performance 
[84] 


























n  Another alternative nonmetal dopant reported in the literature for
odifying WO 3 is S doping [ 83 , 88 ]. S doping has been demonstrated to
e an effective method to reduce the E g and increase the photocurrent
esponse, which means better performance in photocatalytic reactions.
ince the ionic radius of the S 2 − anion (1.7 Å) is significantly higher
han that of O 2 − (1.22 Å), doping by anion substitution to generate the
-O-S bond is difficult. Then, the most favorable mechanism is cation
ubstitution due to the similar ionic radius between W 6 + (0.6 Å) and S 6 + 
0.29 Å), forming W-S bonds [57] . Han et al. reported in 2016 a reduc-
ion in the E g from 2.62 eV for pure WO 3 to 2.52 eV for 1–4 wt% S-doped
O 3 . The 3 wt% S-doped WO 3 showed a considerable enhancement in
he visible light-responsive photocatalytic degradation of MO, allowing
7% removal in 180 min [83] . 8 Similarly, WO 3 doped with carbon has shown improved photocat-
lytic activity in the visible region because this nonmetal can also boost
he light absorption range to longer wavelengths. The carbon doping
amples were obtained by using glucose as a carbon source through
pray-pyrolysis deposition [89] or adding the carbon dopant via a mild
iquid phase method [90] (a carbonized product of glucose obtained
y the hydrothermal method was treated with HNO 3 ). However, these
alcination procedures as spray pyrolysis methods yield a low carbon
oping level compared to the doping concentration added [90] . The
light reduction in the cell parameters due to interstitial carbon doping
nduced WO 6 octahedral distortion. In addition, carbon doping also in-
uces the formation of new energy levels above the valence band. The
ew level increased the visible absorption edge of WO 3 and the migra-
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W  ion pathway of photogenerated carriers, which reduced the carriers’
ecombination rate [90] . 
Doping WO 3 with fluorine has been carried out by fluoride incorpo-
ation using HF by the hydrothermal method [91] and NH 4 F by the low-
emperature solid-state sintering method [92] . Jin and Liu described
hat although F − doping did not cause significant redshifting in the
undamental absorption edge of WO 3 , F − incorporation caused the en-
anced absorption of visible light, showing the highest photocatalytic
ctivity for water splitting under both UV and visible light attributable
o the increased number of oxygen vacancies in the catalyst. The en-
anced surface oxygen vacancy concentration was demonstrated by the
esistivity reduction of the catalyst, increased adsorbed oxygen, and the
eneration of W 5 + for charge compensation of the catalyst surface [92] .
In addition to single nonmetal doping, nonmetal codoping (P/I) was
eported in the literature for WO 3, allowing enhanced specific surface
rea and low E g value. The substitutional and interstitial occupation
f oxygen vacancies (O 2 − ) into the WO 3 framework by I − and P 3 + 
ons formed I-P-WO( 3-x ). The enhancement in the photocatalytic per-
ormance of P/I-codoped WO 3 was demonstrated under simulated solar
ight compared to pure or single P- and I-doped WO 3 [93] . 
emiconductor coupling 
Semiconductor coupling is a promising strategy to develop efficient
hotocatalytic materials exhibiting synergistic effects attributed to the
nhancement of the light absorption capability, an increase in the ac-
ive sites for reactions, and a significant reduction in the recombination
ate of e − /h + pairs [95] . This coupling can be a simple catalyst mixture
n solution [96] or an efficient heterojunction [97–99] , in which the
harges strongly interact between the semiconductors and reactants. In
his context, WO 3 has been investigated in various types of couplings,
ith type II and Z-scheme heterojunctions being the most effective. 
ype II heterojunction 
A heterojunction is the combination of two or more nanostructured
aterials that present an atomic-level in-plane adjustment. The forma-
ion of a heterojunction by combining WO 3 with another semiconductor
aving unequal band edge positions can provide band alignment to en-
ance the separation efficiency of photoinduced charges and the photo-
atalytic performance. Three types of conventional heterojunctions have
een described depending on the transfer mechanism of the charge car-
iers in the photocatalysts (type I, II, and p-n) [100] . In heterojunction
ype I, both the CB and VB positions of semiconductor B are placed be-
ween those of semiconductor A ( Scheme 1 a), for which electrons and
oles are transferred to compound B. This movement allows better sepa-
ation; however, since the charge carriers accumulate in semiconductor9  with a narrow band gap, the recombination rate is increased, and the
hotocatalytic efficiency is lower. Conversely, in heterojunction type II,
hich is most preferred for photocatalytic applications, the positions
f the CB and the VB levels of semiconductor A are higher than those
f semiconductor B ( Scheme 1 b). The difference in chemical potential
etween semiconductors A and B causes band bending at the interface
unction. Thus, the migration of photogenerated electrons and holes in
he opposite direction could be promoted under light irradiation, re-
ulting in the spatial separation of e − /h + pairs [ 100 , 101 ]. Moreover, the
ynergistic interaction between different semiconductor phases strongly
epends on the synthesis method and physical properties of the result-
ng materials (particle size and shape, specific surface area, crystallinity,
lectronic structure, among others). [102] ). 
WO 3 /TiO 2 and WO 3 /ZnO heterostructures have been evaluated in
hotocatalytic applications since the coupling of a low band gap ma-
erial (WO 3 ) with TiO 2 and ZnO forms a type II heterojunction that
nhances the lifetime of e − /h + pairs by improving charge separation
nd expanding the range of excitation of these wide band gap semi-
onductors in the visible range [102–106] . The coupling between WO 3 
nd TiO 2 produces surface modifications such as enhanced acidity, in-
reased surface area, various W oxidation states involving oxygen va-
ancies, and different WO 3 phases that have beneficial effects for pho-
ocatalytic and photoelectrocatalytic applications [102–104] . Ramos-
elgado et al. prepared WO 3 /TiO 2 by the sol-gel method for the pho-
ocatalytic degradation of malathion pesticides under solar radiation.
otably, WO 3 (2 wt%)/TiO 2 exhibited the highest photocatalytic per-
ormance. This high activity was attributed to the large surface area that
nhances the number of active surface sites available and the presence of
mall nanoclusters of WO 3 (0.8–1.6 nm) on the anatase TiO 2 nanoparti-
les that work as electron traps, reducing the number of recombination
enters on the catalyst [103] . 
As described in the previous paragraph, the coupling of ZnO, a large
and semiconductor (~3.3 eV), with WO 3 improved the absorption of
isible light, facilitated the separation of electron-hole pairs, and sup-
ressed the light-induced corrosion of ZnO [ 105 , 106 ]. Moreover, the
urface acidity of the mixed oxide was enhanced due to the incorpo-
ation of WO 3, facilitating the adsorption of organic pollutants on the
atalyst surface [105] . The improved photocatalytic activity of organic
ollutants such as diclofenac and 2,4-D herbicide in aqueous media at
cidic pH (4.7–6.0) was demonstrated, indicating that the incorporation
f WO 3 enhanced the chemical stability of ZnO [ 105 , 106 ]. 
Other metal oxides, such as In 2 O 3, in combination with WO 3, formed
he type II heterojunction In 2 O 3 -WO 3 due to the appropriate band align-
ent of these materials. The formed composite was designed for the
hotocatalytic reduction of CO 2 because In 2 O 3 is used in gas sensing
pplications, showing a high affinity towards CO 2 . In the composite,
O presented a monoclinic phase, while the phase of In O was cu-3 2 3 


































































































































c  ic. The incorporation of WO 3 in In 2 O 3 did not modify the particle size;
owever, the presence of In 2 O 3 enhanced the crystallinity and smoothed
he particle surface of the mixed oxide. The calculated band potentials
f both semiconductors confirmed that the photoreduction of CO 2 into
H 3 OH was feasible due to the favorable band position of In 2 O 3 and
he reduced e − /h + recombination rate [101] . 
The bismuth-based photocatalyst BiOCl has been described as a
romising alternative to metal oxides such as TiO 2 and ZnO to per-
orm the photocatalytic degradation of organic pollutants. However, its
ide E g (~3.1 eV) enables coupling with semiconductors, such as WO 3 ,
ecessary , creating a type II heterojunction structure to enhance the per-
ormance under visible light irradiation and retard the recombination
ate of the photogenerated e − /h + carriers. Thus, the efficient degrada-
ion of RhB and tetracycline hydrochloride (TC) under visible light ir-
adiation ( 𝜆 = 420 nm) was demonstrated using the WO 3 /Bi 12 O 17 Cl 2 
omposite in a mass ratio of 99.5:0.5. The enhanced performance of the
repared catalyst was attributed to the enlarged specific surface area
nd favorable morphology, optical properties, and electronic band align-
ent [107] . 
WO 3 -based heterojunction type II has been considered a suitable
hotoanode for PEC water splitting since it absorbs a wide range of the
olar spectrum (~12%) because of its good electron transport ability
12 cm 2 V –1 s –1 ) [108] and because it can act as a good photocathode
rotection against corrosion [ 109 , 110 ]. Diverse WO 3 -based type II het-
rostructures have been explored as photoanodes for PEC water split-
ing, such as WO 3 /TiO 2 [104] , WO 3 / 𝛼Fe 2 O 3 [111] , WO 3 /NiO [112] ,
O 3 /Cu 2 O [113] , CoO x /WO 3 [114] , WO 3 /BiVO 4 [115] , WO 3 /Bi 2 S 3 
116] , and WO 3 /CdIn 2 S 4 [117] . Moreover, the coupling of p-type metal
xides such as NiO [112] , Cu 2 O [113] , and CoO x [114] with n-type
O 3 produces a type II p-n heterojunction that induces the formation
f an internal electric field across the interfaces directing from an n-type
emiconductor (light absorber) towards the p-type semiconductor cata-
yst. This built-in electric field promotes charge separation, enhancing
he PEC water splitting process. Huang et al. described the deposition of
oOx nanoparticles on WO 3 to improve the oxidation selectivity and the
aradaic efficiency for PEC water oxidation [114] . On the other hand,
he coupling of WO 3 with semiconductors with narrow band gap values
as attracted much attention, including BiVO 4 (2.4 eV) [115] , Fe 2 O 3 
2.2 eV) [111] , Bi 2 S 3 (1.3 eV) [116] , and CdIn2S 4 (2.4 eV) [117] , due
o the increase in light absorption efficiency and promotion of the sep-
ration of charge carriers. The type-II heterojunction WO 3 /BiVO 4 is a
romising photocatalyst to achieve enhanced efficiency of PEC water
plitting due to its matched band edge levels, efficient e − /h + pairs sep-
ration, and visible light absorption abilities. In the WO 3 /BiVO 4 pho-
oanode, BiVO 4 served as a visible-light absorber (~30% sunlight), and
O 3 functioned as an electron transfer agent [ 108 , 115 , 118 ]. For ex-
mple, Lee et al. fabricated WO 3 -BiVO 4 heterojunction photoanodes by
sing glancing angle deposition of WO 3 (monoclinic phase) aligned at
0° to the fluorine-doped tin oxide (FTO) substrate, allowing a large
ctive surface area. Afterward, via pulsed anodic electrodeposition, the
anodot-like monoclinic BiVO 4 conformally covered the surface of WO 3 
ithout blocking the substrate-electrolyte contact (see Fig. 6 ). This pho-
oanode configuration exhibited improved photoelectrochemical perfor-
ance under simulated solar light for the water oxidation process [115] .
The contact quality at the interface of the heterojunction plays a
rucial role in efficient charge separation and transport for PEC water
plitting applications. Thus, it is essential to develop a practical and
traightforward approach to prepare heterostructured materials. Three-
imensional (3D) WO 3 nanoplate/Bi 2 S 3 nanorod heterostructures on
TO substrates were prepared by combining the hydrothermal method,
ILAR process, and chemical bath deposition reaction. The 3D WO 3 
anostructure with thin Bi 2 S 3 nanorods provided a more direct carrier
ransport pathway and contact sites with the electrolyte, resulting in
n efficient oxygen evolution reaction at the electrode/electrolyte in-
erface. In this way, the type-II heterojunction between WO 3 and Bi 2 S 3 
ffectively promoted the separation of electrons and holes due to Bi 2 S 3 10 eing an n-type semiconductor with a narrow E g (1.3 eV) and high
bsorption coefficient (10 4 –10 5 ). Bi 2 S 3 incorporation extended the ab-
orption wavelength to near-infrared light, leading to less recombina-
ion of e − /h + pairs to enhance the photocurrent response and support
he injection of photogenerated electrons from Bi 2 S 3 to WO 3 [116] . 
A facile synthesis approach combining the hydrothermal method and
hemical bath deposition process was used to prepare the WO 3 /CdIn 2 S 4 
omposite photoanode. In this design, the small band gap of the n-type
emiconductor CdIn 2 S 4 (2.4 eV) with an appropriate band position en-
arged the light absorption range of the photoanode and showed high
atalytic activity. Therefore, the fabricated type-II heterojunction be-
ween WO 3 and CdIn 2 S 4 significantly promoted charge separation and
ransport at the semiconductor interface, leading to enhanced PEC water
plitting performance of the WO 3 /CdIn 2 S 4 photoanode [117] . 
Khampuanbut et al. recently described another interesting photocat-
lytic application reported for WO 3 -based type II heterojunctions com-
ining WO 3 and BiOBr. The WO 3 /BiOBr heterojunction was prepared
y precipitation method exhibiting suitable energy band alignment. The
O 3 /BiOBr catalyst showed superior photocatalytic activity compared
ith pure BiOBr and WO 3 to carry out the selective oxidative coupling
f amines to imines under visible light. The enhanced performance of
he heterostructured material was related to the increased oxygen va-
ancy concentration, the effective separation of photogenerated e − /h + 
airs, and efficient interfacial charge transfer. For practical application
n green synthesis, the WO 3 /BiOBr heterojunction system exhibited pho-
ostability and recyclability, as demonstrated during four consecutive
ycles [97] . 
In past years, the study of photocatalytic fuel cells (PFCs) has gained
ignificant importance since wastewater treatment and energy recov-
ry can be simultaneously conducted [119–121] . Zeng et al. reported an
fficient photoanode based on an epitaxial WO 3 nanorod/TiO 2 nanoth-
rn array (TiO 2 /WO 3 /W) using the arrangement of Scheme 2 , which
as beneficial in enhancing the separation and transfer of photogener-
ted e − /h + pairs and worked as inherent atomic-scale protection for the
O 3 photoanode against electrolytic corrosion [120] . This result was at-
ributed to the formation of a highly efficient type II heterojunction pro-
oting the transfer of photogenerated electrons from TiO 2 CB to WO 3, 
nd the holes were transferred from WO 3 VB to TiO 2. Moreover, adding
 small amount of ferrous ions into the pollutant solution enhanced the
harge transfer and production of hydroxyl radicals, which resulted in
he improvement of the degradation efficiency of atrazine (96%) and
he high and stable conversion of the organic compound into electricity
power output, 563 mW m − 2 ). These promising results represent a sus-
ainable alternative to simultaneously address the water contamination
nd the energy supply by using innovative WO 3 -based materials. The
able 4 summarizes the overview of the most relevant photocatalytic
pplications using WO 3 -based type-II heterojunction photocatalysts. 
-scheme systems 
Despite the improved charge separation and transport efficiencies
ttained by type II heterojunctions, the redox capability of the system
s sacrificed during the process at the same time since photogenerated
lectrons and holes are transferred to CB and VB with lower reduc-
ion and oxidation potentials, respectively [123–125] . In this context,
o overcome this disadvantage, the Z-scheme mechanism was proposed
n 1979 by Bard, mimicking the natural photosynthetic process [126] .
o date, three generations of Z-scheme photocatalyst systems have been
eveloped over the last 30 years (see Fig. 7 ), namely, the mediated Z-
cheme [96] , all solid-state Z-scheme (ASS) [127] and direct Z-scheme
128] . WO 3 -based catalysts have been of paramount importance since
hey were the first developed visible light-responsive Z-scheme [129] . 
The mediated Z-scheme consists of the coupling of two photocat-
lytic semiconductors and a liquid redox mediator such as Fe 2 + /Fe 3 + or
O 3 − /I − [130] . In this system, the coupled materials are not in physi-
al contact, but the redox pair acts as a bridge between them. Oxidation
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Table 4 
The overview of photocatalytic applications using WO 3 based heterojunctions type II. 
Photocatalyst Synthesis method Application Experimental conditions Results Ref 
WO 3 /TiO 2 Sol-gel Malathion degradation 250 mg catalyst in 250 mL of an 
aqueous solution of malathion (12 mg 
L − 1 ). Natural sunlight 
76% of TOC removal in 300 min using 
2 wt% WO 3 /TiO 2 [103] 
WO 3 •H 2 O/TiO 2 Solvothermal MO degradation 50 mg catalyst and 80 mL MO 
solution (20 mg L − 1 ). 300 W Xe lamp 
( 𝜆= 300–1100 nm) 
95.5% of MO degradation in 150 min 
of reaction using TiO 2 /WO 3 •H 2 O 
(Ti/W 95:5) 
[122] 
WO 3 /TiO 2 Hydrothermal PEC Water splitting A standard three-electrode cell in 
0.5 M Na 2 SO 4 , WO 3 /TiO 2 working 
electrode, SCE, and Pt wire as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 
300–1100) 
The WO 3 (40 wt%) /TiO 2 film presented 
the highest photocurrent density of 
210 𝜇A cm − 2 at 0.75 V vs. Ag/AgCl 
[104] 
WO 3 /ZnO Hydrothermal Diclofenac degradation 0.8 g L 
− 1 of photocatalyst in diclofenac 
aqueous solution (20 mg L − 1 ). 400 W 
Metal halide lamp ( 𝜆= 583 nm) 
76% of TOC removal was using 
WO 3 /ZnO (10:1) [105] 
WO 3 /ZnO Hydrothermal / 
deposition 
2,4-D degradation 100 mg of catalyst in 100 mL of 2,4-D 
aqueous solution (20 mg L − 1 ). Natural 
sunlight 
91.7% degradation after 7 min, with 
WO 3 /ZnO (2% W/Zn) [106] 
WO 3 /Bi 12 O 17 Cl 2 Hydrothermal RhB and TC degradation 80 mg of photocatalysts in 80 mL of 
the aqueous solution of RhB (20 mg 
L − 1 ) or TC (20 mg L − 1 ). 300 W Xe 
lamp ( 𝜆= 420–780 nm) 
100% of RhB degradation and 65% of 
TC degradation with WO 3 /Bi 12 O 17 Cl 2 
(99.5:0.5) 
[107] 
WO 3 /In 2 O 3 Precipitation Photocatalytic reduction of 
CO 2 into CH 3 OH 
The high purity CO 2 gas (99.99%) was 
purged into 100 mL water containing 
WO 3 /In 2 O 3 . Pulsed laser ( 𝜆= 355 nm) 
Methanol yield of 496 𝜇mol g − 1 h − 1 
and the quantum efficiency of 2.25% [101] 




PEC Water splitting A standard three-electrode cell in 
0.5 M Na 2 SO 4 , WO 3 @ 𝛼-Fe 2 O 3 working 
electrode, SCE, and Pt wire as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 300 
– 1100) 
Photocurrent response of 1.66 mA 
cm 2 , IPCE of ~73.7% at 390 nm, and 
excellent photostability of 100% at 
1.23 V versus RHE 
[111] 
CoOx/WO 3 Hydrothermal PEC Water splitting A standard three-electrode cell in 
0.1 M K 3 PO 4 , CoOx/WO 3 working 
electrode, Ag/AgCl, and Pt plate as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 
300–1100) 
Enhanced Faradaic efficiency using 
CoOx/WO 3 electrode (92.1%) [114] 
NiO/WO 3 Hydrothermal PEC Water splitting A standard three-electrode cell in 
NaOH/KH 2 PO 4 , NiO/WO 3 working 
electrode, Ag/AgCl, and Pt foil as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 
300–800) 
Photocurrent density − 23.39 𝜇A cm − 2 
at 1.20 V vs. RHE under using 
NiO/WO 3 
[112] 
WO 3 NRs/Cu 2 O Hydrothermal –
electrodeposi- 
tion 
PEC Water splitting A standard three-electrode cell in 
0.1 M H 2 SO 4 , NiO/WO 3 working 
electrode, Ag/AgCl, and Pt foil as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 300 
– 800) 
Photocurrent density 1.37 mA cm − 2 at 
0.8 V vs. RHE [113] 
WO 3 /BiVO 4 Deposition - 
electrodeposition 
PEC Water splitting A standard three-electrode cell in 
0.1 M K 3 PO 4 , WO 3 /BiVO 4 working 
electrode, Ag/AgCl, and Pt mesh as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 300 
– 1100) 
Photocurrent density of 4.55 mA cm − 2 
and IPCE of 80% at 1.23 V vs. RHE [115] 
WO 3 /Bi 2 S 3 Hydrothermal PEC Water splitting A standard three-electrode cell in 
0.1 M Na 2 S/0.1 M Na 2 SO 3 , WO 3 /Bi 2 S 3 
working electrode, Ag/AgCl, and Pt 
mesh as a reference and counter 
electrodes, respectively. 500 W Xe 
lamp ( 𝜆= 300–1100). 
Photocurrent of 5.95 mA cm − 2 at 
0.9 V vs. RHE using WO 3 /Bi 2 S 3 with 
seed layer 
[116] 
WO 3 /CdIn 2 S 4 Hydrothermal –
chemical bath 
deposition 
PEC Water splitting A standard three-electrode cell in 
0.25 M Na 2 SO 3 , WO 3 /CdIn 2 S 4 working 
electrode, Ag/AgCl, and Pt mesh as a 
reference and counter electrodes, 
respectively. 500 W Xe lamp ( 𝜆= 
300–1100). 
Photocurrent of 1.06 mA cm − 2 at 
1.23 V versus RHE using WO 3 /CdIn 2 S 4 [117] 
WO 3 /BiOBr Precipitation 
method 
Oxidative coupling of 
amine to imine 
compounds 
100 mg of photocatalyst, 0.125 mmol 
benzylamine, 10 mL of acetonitrile, 
and o-dichlorobenzene (internal 
standard). 50 W cold white 
light-emitting diode ( 𝜆= 432 nm) 
The rate constant for the oxidative 
coupling of benzylamine in 
WO 3 /BiOBr was 2.4 and 2.1 times 
higher than that in WO 3 and BiOBr, 
respectively 
[97] 
TiO 2 /WO 3 /W Hydrothermal –
chemical bath 
deposition 
Photocatalytic Fuel cell Dual electrode configuration, 10 mg 
L − 1 atrazine solution, 0.1 M K 2 SO 4 
electrolyte, adding 2 mM FeSO 4 for 
enhanced PFC. 500 W Xe lamp ( 𝜆= 
300–1100) 
The current densities were 3734 mA 
m − 2 (short-circuit) and 563 mW m − 2 
(maximum power output) allowing 
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Fig. 6. (a), (b) Top and cross-section FESEM images of the optimum BiVO 4 /70°-WO 3 nanorods, (c) X-ray diffraction patterns of BiVO 4 (black line), WO 3 nanorods 
(blue line), BiVO 4 /70°- WO 3 nanorods (redline), (d) Corresponding TEM images of BiVO 4 /70°-WO 3 nanorods, (e) Expanded image of BiVO 4 /WO 3 nanorods, (f) 
















o  nd reduction reactions occur in each photocatalyst with the highest ox-
dation or reduction potential, respectively, and the redox couple works
s an acceptor or donor, depending on the photosystem. WO 3 is usu-
lly employed as an oxidation photosystem (OPS) because of the highly
ositive potential of its VB (~2.83 – 3.22 V) [ 117 , 131 , 132 ]. 
For the first time, in 2001, Sayama et al. used a WO 3 -based catalyst
o construct a Z-scheme system composed of Pt-WO 3 and Pt-SrTiO 3 (Cr-
a-doped) photocatalysts and IO 3 − /I − as a redox mediator for visible12 ight water splitting to produce H 2 [129] . Stoichiometric water splitting
nto H 2 and O 2 (H 2 /O 2 = 2) was reported for the first time using this
-scheme. Similarly, Miseki et al. used surface-treated PtO x /WO 3 as an
 2 evolution photocatalyst in the presence of IO 3 − or I 3 − ions as redox
ediators. It was found that the photocatalytic performance of the Z-
cheme strongly depends on two conditions: the nature of the redox cou-
le and its interaction with the photocatalyst surface. PtO x /WO 3 with-
ut surface treatment showed negligible photocatalytic activity whenFig. 7. Timeline of WO 3 -based Z-scheme 
photocatalysts, ∗ OPS = oxidation photosys- 
tem, and ∗ RPS = reduction photosystem 
[ 96 , 128 , 134 , 136 ]. 
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Scheme 2. Diagram of the TiO 2 /WO 3 /W photoanode and the possible mech- 
anism of the PFC for simultaneous wastewater treatment and energy recovery 








































































































d  he I 3 − ion was used as a redox mediator, while high O 2 evolution was
ielded with surface treatment, which explains the synergistic effect be-
ween the surface properties and redox couple. However, the concentra-
ion of the redox mediator used in this kind of Z-scheme represents the
ain drawback of this system. An optimal concentration must be de-
ermined since a high concentration could cause undesirable backward
eactions and thus reduce the overall efficiency [133] . To avoid incon-
enience with handling liquid redox mediators, the second generation
f the Z-scheme, the ASS Z-scheme, was proposed in 2006 by Tada et al.
134] . 
In this second generation, the liquid redox couple was replaced by
 solid electron mediators (SEMs), which eliminated the drawback of
ackward reactions. Metals are known as the main SEMs because of
heir outstanding conductive properties and because they can also act
s cocatalysts to enhance photocatalytic performance [ 98 , 123 , 127 , 135 ].
he SEMs play an essential role in the charge transfer in the ASS Z-
cheme; hence, it must be chosen carefully. This system was first used
y Houfen et al. in 2016 to improve WO 3 performance when it was
ombined with g-C 3 N 4 . They described the effect of the Fermi energy
evel of the electron mediator (Ag, Cu, Au) to determine an adequate
EMs according to the energy band theory [136] . The contact of the
unction between semiconductors and SEMs is a critical factor because
he migration of charge carriers depends on band bending by the Fermi
nergy level difference. If the Fermi energy level of the semiconductor
s above the SEMs, the band bends upward because of the depletion of
harges and vice versa. Therefore, it is preferred to choose SEMs with
 Fermi energy level between those of each semiconductor used in the
-scheme system. 
Silver nanoparticles are one of the most commonly used SEMs, and
hese NPs have been used in systems composed of WO 3 and Ag 3 PO 7 
127] , Ag 2 CO 3 [123] , and Ag 2 WO 4 [137] , showing high photocatalytic
fficiency for aqueous pollutant degradation. Other SEMs that have at-
racted attention in recent years are graphene materials such as reduced
raphene oxide (RGO) or graphene oxide (GO) and carbon nanodots.
hese SEMs represent a very suitable alternative to noble metals be-
ause they show high electron mobility and lower cost. For example,
eng et al. reported an ASS Z-scheme TiO 2 /RGO/WO 3 that was evalu-
ted in water disinfection by the inactivation of Escherichia coli ( E. coli ),
s shown in Fig. 8 [138] . 13 The authors demonstrated that the photocatalytic performance of
he ASS Z-scheme was superior to that of the simple TiO 2 /WO 3 hetero-
unction, since the addition of RGO highly promoted electron migration
nd the production of reactive oxygen species (ROS) such as H 2 O 2 , act-
ng as a co-catalyst during the process. Similarly, Li et al. reported the
ynthesis of ASS Z-scheme WO 3 /RGO/MoS 2 and its application in wa-
er decontamination [139] . High dispersion of WO 3 and MoS 2 particles
ver the RGO nanosheets was observed, which enhanced the contact
rea between both semiconductors. The graphene materials show out-
tanding conductivity and electron mobility, which makes them good
andidates for excellent SEMs. 
Despite the excellent behavior of ASS Z-scheme generation, it is well
nown that the incorporation of noble metals or even conductive mate-
ials such as GO is associated with high cost, and photocatalyst stability
emains unsolved. Therefore, obtaining mediator-free systems is desir-
ble for practical applications. Thus, Wang et al. in 2016 defined the
erm redox-mediator-free Z-scheme fabricating the AgI/WO 3 photocata-
yst [140] . This system, commonly called a direct Z-scheme, corresponds
o the third generation, which is composed of two photosystems, and
harge migration occurs through the interface formed by an intimate
unction between both catalysts ( Fig. 9 ). 
Since this concept was first developed, it has been intensively investi-
ated by several research groups to combine WO 3 with metal-free com-
ounds such as g-C 3 N 4 [141] and carbon nanodots [ 131 , 142 ], metal ox-
des [ 99 , 143–145 ] and different chalcogenides [ 22 , 130 , 146 , 147 ]. The
ormation of a direct Z-scheme is determined by the electronic struc-
ure of the constituent semiconductors and the synthesis method. Jin
t al. reported the synthesis of a hierarchical Z-scheme CdS-WO 3 . The
ierarchical structure in WO 3 particles is beneficial for the contact area
etween both semiconductors and the adsorption of CO 2 . The Z-scheme
ot only improved the separation efficiency but also induced WO 3 ac-
ivity for the CO 2 reduction process, enhancing the catalytic activity in
 synergistic process [146] . 
Material characterization is a crucial step in understanding the im-
rovements in photocatalytic performance. In this sense, different au-
hors have proposed a combination of experimental and theoretical tech-
iques to provide a reasonable explanation of the enhancements re-
orted for direct Z-scheme photocatalysts [ 146 , 148–150 ]. In addition
o conventional analytical techniques, such as XRD, FESEM, TEM, elec-
rochemical and photoelectrochemical tests such as Mott-Schottky anal-
sis, transient photocurrent response and electrochemical impedance
pectroscopy (EIS) have been extensively used to demonstrate im-
roved characteristics such as high charge separation and transfer rate,
hich correspond to the performance of direct Z-scheme heterojunc-
ions [ 124 , 140 ]. Additionally, density-functional theory (DFT) calcula-
ions are useful to understand the transfer mechanism and interfacial
roperties that allow researchers to propose the involved mechanisms
or e − /h + pair transfer through the interface [151–153] . 
Over the last two years, scientific efforts have been focused on im-
roving the photocatalytic efficiency of the direct Z-scheme by two
ethods, combining the SPR effect and double Z-scheme heterojunc-
ions [ 99 , 143 , 154–158 ]. Noble metals loaded on the heterojunction pro-
ide a strong SPR effect that can further enhance the separation ef-
ciency of e − /h + pairs. Silver and platinum nanoparticles have been
eported as useful cocatalysts with SPR effects in direct Z-scheme
O 3 -based photocatalysts [ 143 , 156 , 159 , 160 ]. Zhou et al. reported the
ynthesis of a Ag/WO 3 /Bi 2 WO 6 SPR Z-scheme and its photocatalytic
valuation in the degradation of VOCs in the gaseous phase [156] .
he authors described that the 2 wt% Ag-WO 3 /Bi 2 WO 6 photocatalyst
howed 1.8- and 2.8-times higher visible-light degradation rates than
O 3 /Bi 2 WO 6 and Bi 2 WO 6, respectively, which were attributed to the
mproved separation efficiency and utilization of photoinduced e − /h + 
airs. Meanwhile, Gong et al. affirmed that Pt nanoparticles could act
s electron traps, improving the lifetime of photogenerated electrons, as
emonstrated in the water-splitting process under visible light, yielding
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Fig. 8. Illustration of the synthesis process of 
TiO 2 /RGO/WO 3 ASS Z-scheme and its applica- 
tion on water disinfection (from [138] ). 
Fig. 9. The possible photocatalytic mechanism for the degradation of TC on the 

























































W  n O 2 evolution rate almost 1.6 times higher than that of Pt@Cu 2 O/WO 3 
159] . 
Similarly, nonmetals have also been incorporated on heterojunctions
o generate a Z-scheme WO 3 system. In a recent work, Huang et al. pre-
ared N-WO 3 coupled with Ce 2 S 3 to obtain N-WO 3 /Ce 2 S 3 nanotubes
mmobilized on carbon textiles for formaldehyde and phenol degrada-
ion. They reported that nitrogen-doped WO 3 (N-WO 3 ) and the het-
rojunction WO 3 /Ce 2 S 3 exhibited superior activity compared to bare
O 3, achieving 50 and 70% HCHO conversion, respectively, in 120 min.
owever, complete conversion of formaldehyde was obtained with the
onmetal-doped heterojunction N-WO 3 /Ce 2 S 3 in 80 min under visible
ight. This removal was three times higher than that found with bare
O 3, which only degraded 40% of HCHO in 120 min. Similar behavior
as observed when the degradation and mineralization of phenol was
onducted with WO 3 , N-WO 3 and N-WO 3 /Ce 2 S 3 catalysts, where 50, 80
nd 99% phenol removal was attained, respectively. Furthermore, 94%
OC abatement was reached with N-WO 3 /Ce 2 S 3 nanotubes, indicating
omplete mineralization of phenol. This result was attributed to the
trong electronic interaction between N-WO 3 and Ce 2 S 3, which was ben-
ficial for the charge carrier dynamics and hence for improving the pho-
ocatalytic performance. Additionally, electrochemical impedance spec-14 ra (EIS) measurements, photocurrent transient profiles, and PL studies
howed that the N-WO 3 /Ce 2 S 3 photocatalyst exhibits the most efficient
eparation of photogenerated charges and a lower rate of e − / h + recom-
ination. Electron spin resonance (ESR) studies and the band edge po-
ition calculated using hybrid density functional theory (DFT) analysis
ndicated that the enhanced photocatalytic performance was ascribed to
he Z-scheme mechanism ( Fig. 10 ) [161] . 
On the other hand, the dual Z-scheme is a ternary photocatalyst
n which two linked Z-scheme transfer patterns coexist to further en-
ance the separation efficiency and visible light absorption ability
 154 , 157 ]. In this context, this kind of photosystem has been used for
ifferent environmental applications, such as H 2 production, pollutant
egradation [157] , air decontamination [162] , and CO 2 photoreduc-
ion [163] . A ternary BiFeO 3 -g-C 3 N 4 -WO 3 system ( Scheme 3 ) was syn-
hesized and used for pollutant degradation and photocatalytic water
plitting [157] .The authors reported that the ternary heterojunction un-
er visible-light irradiation showed 63% 2,4-dichlorophenol (2,4-DCP)
egradation and 90 𝜇mol h − 1 g − 1 H 2 evolution, resulting in 2.2 and 90
imes higher than that of pure WO 3 , respectively. Ma et al. reported the
ernary heterojunction WO 3 /NiS 2 /NiGa 2 O 4, in which NiS 2 was used as
 conductive pathway between the other two semiconductors due to
ts matched CB and VB levels with those of WO 3 and NiGa 2 O 4 , respec-
ively. When the dual Z-scheme was used under optimal experimental
onditions under simulated solar light in aqueous media, the conversion
f NO 2 − and SO 3 2 − reached 87.03% and 97.47%, respectively [162] .
eanwhile, visible light CO 2 photoreduction towards CO as the major
roduct was reported using the WO 3 -TiO 2 /Cu 2 ZnSnS 4 dual Z-scheme
163] . The enhanced CO/CH 4 production (15.37/1.69 𝜇mol h − 1 g − 1 )
as attributed to the higher surface area, the strong absorption in the
isible region, and the improved separation efficiency of the e − /h + pairs
ue to the dual heterojunction. 
onclusions and perspectives 
In this critical review, the adaptability of visible-light responsive
O 3 semiconductors with other materials was demonstrated. The prop-
rties of this metal oxide have been exploited to propose numerous
O 3 -based photocatalysts with application in the remediation of the
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Fig. 10. a) EIS Nyquist plots, b) photocurrents responses, c) photoluminescence spectra with 320 nm excitation wavelength and d) time-resolved photoluminescence 
spectra of WO 3 , N-WO 3 , and N-WO 3 /Ce 2 S 3 NBs. e) UV–vis diffuse reflectance spectra of WO 3 , N-WO 3 , and N-WO 3 /Ce 2 S 3 NBs. f) Optical bandgaps determined from 
the UV–vis diffuse reflectance spectra. g,h) Calculated DOS of N-WO 3 /Ce 2 S 3 NBs. i) Z-scheme charge separation in photocatalytic systems. Condition: under visible 
light irradiation (from [161] ). 
Scheme 3. Representation of the energy diagram, charge transfer mechanism, 
and the photocatalytic processes over BiFeO 3 -g-C 3 N 4 -WO 3 composite under 































b  nvironment or energy production using visible o solar light as acti-
ation source. A variety of strategies to improve the response of WO 3 
ith efficient charge carrier separation was reviewed. A brief descrip-
ion of the main achievements using tungsten oxide-based photocata-15 ysts was provided, and the most novel advances were discussed. The
easibility of WO 3 to absorb photons of low energy and its capacity to
ombine with many semiconductor materials allows the development
f visible light WO 3 -based photocatalysts for different environmental
pplications. 
Although the studied materials based on WO 3 have demonstrated
xcellent performance as photocatalysts under visible or solar light at
he laboratory scale, there are still some crucial aspects that need to
e considered for practical applications. More studies are necessary to
nsure the stability and nontoxicity of the prepared materials. Moreover,
eaching tests should be performed to evaluate the stability and lack of
ixiviation of the components when these materials are tested for water
reatment. Tungsten oxide is a nontoxic material, but few studies have
een conducted to investigate the toxicity of prepared WO 3 combined
ith other materials for photocatalytic applications. 
Additionally, the photoreactor design and how to suspend or sup-
ort the catalyst are key aspects that must be considered for efficient
hotocatalytic applications on a large scale. It is well known that re-
ctor design is different when artificial visible light from lamps is used
ompared to natural sunlight application. The challenge is to combine
he engineering aspects of photocatalytic technology and toxicity and
ecycling studies of prepared materials with the fundamental features
f WO 3 -based photocatalytic materials. 
Therefore, there is still work to be done, but the scientific commu-
ity is getting closer to developing green technologies based on more ac-
ive and efficient photocatalytic materials under visible light. The WO 3 -
ased photocatalysts represent an attractive alternative for the reduction




















































































































f the pollutants in the environment and the production of fuels using a
ow-cost energy source as the solar light. 
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